Abstract
Introduction
Pressure sensors are frequently used in various applications from simple household equipment to complex process monitoring and control systems in industrial automation, vehicle industry, and medical devices. [1] Pressure sensors are capable of measuring pressure directly, and indirectly measure other parameters, e.g. fluid level, gas flow rate, speed or altitude. The working principle of these pressure sensors and transducers usually utilizes the precise measurement of a membrane / diaphragm deformation transforming the force affected on the sensing area to an electrical signal applying capacitive, piezoresistive, optical or resonance conversion method. Historically, macroscopic size sensors with metal membranes were used for detection and the evolution of the silicon micromachining opened a new way for more sensitive and miniaturized pressure sensors. [2] Nowadays surface micromachined MEMS pressure sensors integrated with CMOS circuits are investigated. [3] Depending on the sensor construction three different types of sensing methods are available. First is the absolute pressure sensor which measures the pressure relative to perfect vacuum. Second one is the gauge type: it measures the differences to the atmospheric pressure. Finally, the differential pressure sensor: it measures the difference between two pressures, one connected to each side of the sensor.
According to the application field (industrial pressure control) the proposed sensor structures were designed for working in the low pressure ranges between 0-1000 mbar.
The capacitive measurement principle was applied as read-out mechanism due to its higher expected sensitivity compared to a piezoresistive detection method. Moreover, significantly lower power consumption and temperature dependence / effect on the sensor response could be expected. However, the small sensing capacitance, the high output impedance, and the nonlinear characteristics of the sensor response are disadvantages. [4] 2 Experimental details The pressure sensor structure is constructed from two independent parts. One is the single crystalline Si membrane forming a flexible electrode and the other is a Borofloat R 33 glass die with aluminium capacitor plate (fixed electrode) and bonding pads (as shown in Fig. 1 ). The silicon membrane was formed by anisotropic alkaline etching, using the adequate masking to preserve the original wafer thickness at the outer frame around the membrane and at the center. The center support can improve the mechanical stability and the good tractability of the thin membrane during the processing steps. Moreover, the center mass reinforces the membrane providing for parallel capacitor electrodes even during deformation of the membrane. In order to avoid electrical shortcuts between the moving and the fix electrodes the metal contact addressing the lower electrode on the glass is located in a trench formed by smooth silicon etch. The general parameters of the presented device are listed in Table 1 . and shown in Fig 2. [5] The zero-pressure capacitance of the device is planned to lie between 1-10 pF.
Preliminary investigations by simulation
The final functional parameters of the capacitive pressure sensors strongly depend on its geometrical dimensions. The device sensitivity shows inverse correlation to the cube of the diaphragm thickness and is proportional to the square of the relevant area of the membrane. In order to achieve optimal geometry parameters finite element modeling was applied to simulate the functional behavior of the device. The membrane area, thickness, and the size of the center mass were varied in the applied model. Based on the simulation results the most robust and sensitive structure in the range of 0-1000 mbar (see Table 1 .) was selected and manufactured. Fig. 3 shows a representative displacement distribution of the 20 µm thick membrane under 1.25 bar pressure. [5] 
Membrane preparation process
The device development was focused on the reliable, reproducible membrane fabrication, especially on the uniform mem- brane thickness, homogeneity and smooth surface. The membrane formation was achieved by Si bulk micromachining technology utilizing anisotropic alkaline etching combined with Electrochemical Etch-Stop (ECES) to accurately control the final membrane thickness. [6] The ECES method is applicable to significantly decrease the vertical etching rate at a p-n junction developed by adequate doping processes by electrochemical formation of a Silicon-Oxide passivation layer on the silicon surface. The homogeneity of the formed silicon membrane is clearly demonstrated by Fig. 4 .
The 10 µm deep cavity forming the gap of the capacitor between the silicon and metal electrode was developed by isotropic silicon etching. From a technological aspect the most critical parameter here is the surface roughness, since residual inhomogeneities on the membrane surface restrict the upper detection limit of the device, and/or the mechanical durability and performance of the moving electrode. The fabrication of the fixed metal electrode is based on two significant processing steps. First a 1 µm thick aluminum layer was deposited on Borofloat R 33 glass by electron beam vacuum evaporation, and patterned by conventional aluminum etching subsequently. The pressure sensors suitable for detecting various pressure ranges can be tailored by the accurate control of the membrane's thickness and the electrode areas of the capacitor. In our case three different sensor structures were fabricated applying 1.44 mm 2 , 3.24 mm 2 and 5.76 mm 2 electrode areas for 0-1000 mbar pressure ranges. Fig. 5 shows the alignment of the metal pattern on the glass substrate and the bottom side shallow cavity of the Si electrode. 
Wafer alignment and anodic bonding
The pre-bond alignment of the 4 inch silicon and glass wafers was carried out by using a Mask Aligners/Bond Aligners MA6/BA6 type equipment made by SÜSS MicroTec AG (Germany). The wafers were bonded anodically [7, 8] in a SÜSS SB6L wafer bonder machine. The parameter approaches of the achieved experiments applicable for reproducible bonding the aligned 4" wafers are summarized in Table 2 . and the successfully bonded wafer pair is shown in Fig. 6 . The bonded silicon/glass structures were diced for chips and tested electrically. The selected MEMS devices were packaged onto a TO8 socket (Schott) as presented in Fig. 7 . The wire connects between bonding pads of the sensor and the socket were realized by ultrasonic-compression bonding applying 50 µm diameter Al wires. In the last processing step, the shallow silicon trench serving as buried wiring channel for the metal electrode was filled up by non-permeable glue to form the separated pressure chamber. Relative pressure sensor was formed by hermetic sealing of the cavity from the outer ambient.
6 Results and discussion 6.1 Strength of the anodic bonding The bonded area in a chip is 9.503 mm 2 ; the bond strength between the two electrodes is 25±5 MPa. The result was assessed with a tensile strength measurement method, carried out on 10 distinct samples. Fig. 8 shows the surfaces of a sample after the tensile measurement. 
Results of chips measurement
Before the packaging the zero-pressure capacitances of the samples were measured with HP Frequency RLC Meter type 4275A using a Karl SÜSS type pin tester (Fig. 9) . Table 3. shows the results of the measurement. One can observe that after wafer dicing the chips are functional, i.e. the measured capacitance responds to the pressure change and at zero pressure it returns back to the initial value. Fig. 9 . The pre-shorting measurement with the pin tester before packaging.
Functional measurements of packed chips
The realized devices were functionally tested in the pressure range of 0 to 1000 mbar. Fig. 10 shows the capacitance calibration curves of the different sensors as the function of the pressure load from 0 to 500 mbar. The sensitivity of the pressure sensor was calculated from the measured results which is 6 fF/mbar. The linearity of capacitance change turns to nonlinearity approximately above 400 mbar in case of "small" and "medium" electrode sizes. It means these structures are not reliable at pressures higher than 500 mbar. However, the chip with the "large" electrode size works linearly up to 800 mbar.
Conclusion
The feasibility of a capacitive type MEMS pressure sensor was demonstrated. Proper silicon membrane homogeneity and thickness variation was achieved by the application of the combined alkaline etching and Electrochemical Etch-Stop techniques. The low-cost silicon/glass wafer bonding process ensured reliable mechanical stability and hermetic sealing. We have compared the results of simulations to the measured values, and we have found a good correlation between the electrode size and the working pressure range. Nevertheless, thinner membranes (e.g. 10 µm), with same electrode size and center mass reinforcements should be realized and tested in the range of 0-1000 mbar.
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